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of a viscous incompressible electrically conducting micropolar ﬂuid. The ﬂow past over a stretching
sheet through a porous medium in the presence of viscous dissipation. A uniform magnetic ﬁeld is
applied transversely to the direction of the ﬂow. Similarity transformations are used to convert the
governing time dependent non-linear boundary layer equations into a system of non-linear ordinary
differential equations that are solved numerically by Runge–Kutta fourth order method with a
shooting technique. The inﬂuence of unsteady parameter (A), Eckert number (Ec), porous parame-
ter (Kp), Prandtl number (Pr), Schmidt number (Sc) on velocity, temperature and concentration pro-
ﬁles are shown graphically. The buoyancy force retards the ﬂuid near the velocity boundary layer in
case of opposing ﬂow and is favorable for assisting ﬂow. In case of assisting ﬂow, the absence of
porous matrix enhances the ﬂow. The impact of physical parameters on skin friction co-efﬁcient,
wall couple stress and the local Nusselt number and Sherwood number are shown in tabular form.
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The boundary layer ﬂow, heat and mass transfer in a quiescent
Newtonian and non-Newtonian ﬂuid driven by a continuous
stretching sheet are of signiﬁcance in a number of industrial
engineering processes such as the drawing of a polymer sheet
or ﬁlaments extruded continuously from a die, the cooling ofa metallic plate in a bath, the aerodynamic extrusion of plastic
sheets, the continuous casting, rolling, annealing and thinning
of copper wires, the wires and ﬁber coating, etc. The ﬁnal pro-
duct of desired characteristics depends on the rate of cooling in
the process and the process of stretching. Mohammadi and
Nourazar [1] studied on the insertion of a thin gas layer in
micro cylindrical Couette ﬂows involving power-law liquids.
The analytical solution for two-phase ﬂow between two rotat-
ing cylinders ﬁlled with power-law liquid and a micro layer of
gas has been investigated by Mohammadi et al. [2]. The
dynamics of the boundary layer ﬂow over a stretching surface
originated from the pioneering work of Crane [3]. Later on,
Nomenclature
A unsteadiness parameter
a positive constant with dimension per time
B non-dimensional parameter
B0 applied magnetic ﬁeld
b constant with dimension temperature over length
C concentration of the solute
Cfx local skin friction co-efﬁcient
Cp speciﬁc heat at constant pressure
Csx local couple stress co-efﬁcient
Cx concentration of the solute at the sheet
C1 concentration of the solute far from the sheet
D0 molecular diffusivity
Ec Eckert number
e positive constant
f dimensionless stream function
g acceleration due to gravity
Gc solutal Grashof number
Gr thermal Grashof number
h non-dimensional variable
j micro inertia density
Kp local porous parameter
k thermal conductivity
Kp permeability of the porous medium
M magnetic ﬁeld parameter
Mwx local wall couple stress
N micro-rotation component
Nux local Nusselt number
Pr Prandtl number
Rex local Reynold number
Sc Schmidt number
Shx local Sherwood number
T non-dimensional temperature
t non-dimensional time
Tx wall temperature of the ﬂuid
T1 temperature of the ﬂuid far away from the sheet
Ux sheet velocity
ðu; vÞ velocity components
ðx; yÞ cartesian co-ordinates
Greek symbol
a stretching rate
a0 thermal diffusivity
b coefﬁcient of thermal expansion
b0 coefﬁcient of concentration expansion
D micropolar parameter
t kinematics coefﬁcient of viscosity
j kinematics micro-rotation viscosity
k0 non-dimensional material parameter
l coefﬁcient of viscosity
c spin gradient viscosity
r electrical conductivity
q density of the ﬂuid
sw wall shear stress
/ non-dimensional concentration
h non-dimensional temperature
g similarity variable
Subscripts
x condition at wall
1 condition at free stream
224 B. Mohanty et al.various aspects of the problem have been investigated such as
Gupta and Gupta [4], Chen and Char [5], and Dutta et al. [6]
extended the work of Crane [3] by including the effect of heat
and mass transfer analysis under different physical situations.
Micropolar ﬂuids are ﬂuids with microstructure and asym-
metrical stress tensor. Physically, they represent ﬂuids consist-
ing of randomly oriented particles suspended in a viscous
medium. These types of ﬂuids are used in analyzing liquid
crystals, animal blood, ﬂuid ﬂowing in brain, exotic lubri-
cants, the ﬂow of colloidal suspensions, etc. The theory of
micropolar ﬂuids, is ﬁrst proposed by Eringen [7,8]. In this
theory the local effects arising from the microstructure and
the intrinsic motion of the ﬂuid elements are taken into
account. The comprehensive literature on micropolar ﬂuids,
thermomicropolar ﬂuids and their applications in engineering
and technology was presented by Ariman et al. [9], Prathap
Kumar et al. [10]. Kelson and Desseaux [11] studied the effect
of surface conditions on the micropolar ﬂow driven by a por-
ous stretching sheet. Srinivasacharya et al. [12] analyzed the
unsteady ﬂow of micropolar ﬂuid between two parallel por-
ous plates. Bhargava et al. [13] investigated by using a ﬁnite
element method the ﬂow of a mixed convection micropolar
ﬂuid driven by a porous stretching sheet with uniform
suction.Gorla and Nakamura [14] discussed the combined convec-
tion from a rotating cone to micropolar ﬂuids with an arbi-
trary variation of surface temperature. Takhar et al. [15]
examined the bouncy effects in a forced ﬂow in the three
dimensional non-steady motion of an incompressible
micropolar ﬂuid in the vicinity of the forward stagnation
point of a blunt nosed body. Ibrahim et al. [16] discussed
the case of mixed convection ﬂow of a micropolar ﬂuid past
a semi-inﬁnite, steadily moving porous plate with varying
suction velocity normal to the plate in the presence of ther-
mal radiation and viscous dissipation. Damseh Rebhi et al.
[17] have investigated natural convection heat and mass
transfer adjacent to a continuously moving vertical porous
inﬁnite plate for incompressible, micropolar ﬂuid in the pres-
ence of heat generation or absorption effects and a ﬁrst-order
chemical reaction. Ali and Magyari [18] have studied the
unsteady ﬂuid and heat ﬂow by a submerged stretching sur-
face while its steady motion is slowed down gradually.
Mukhopadhyay [19] extended it by assuming the viscosity
and thermal diffusivity are linear functions of temperature
and studied unsteady mix convection boundary layer ﬂow
of an incompressible viscous liquid through porous medium
along a permeable surface, and the thermal radiation effect
on heat transfer was also considered.
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analysis of water-based nanoﬂuid over an exponentially
stretching sheet. The nanoﬂuid ﬂow over an unsteady stretch-
ing surface in the presence of thermal radiation was examined
by Das et al. [23]. The ﬂuid ﬂow past over a stretching sheet
has been studied by many authors [24–27]. Yacos et al. [28]
have been investigated melting heat transfer in boundary layer
stagnation-point ﬂow toward a stretching/shrinking sheet in a
micropolar ﬂuid. The mixed convection ﬂow of a micropolar
ﬂuid from an unsteady stretching surface with viscous dissipa-
tion has been proposed by El-Aziz [29]. Mahmood et al. [30]
analyzed the non-orthogonal stagnation point ﬂow of a
micropolar second-grade ﬂuid toward a stretching surface with
heat transfer. The micropolar ﬂuid ﬂow toward a stretching/
shrinking sheet in a porous medium with suction was observed
by Rosali et al. [31]. Heat and mass transfer on MHD ﬂow of a
viscoelastic ﬂuid through porous media over a shrinking sheet
was investigated by Bhukta et al. [32]. Mahmood and Waheed
[33] have been proposed the MHD ﬂow and heat transfer of a
micropolar ﬂuid over a stretching surface with heat generation
(absorption) and slip velocity. The boundary layer ﬂow of
hyperbolic tangent ﬂuid over a vertical exponentially stretch-
ing cylinder was studied by Naseer et al. [34].
The problem on mass transfer of a magnetohydrodynamics
unsteady mixed convection ﬂow of a micropolar ﬂuid from a
stretching surface through porous media has remained unex-
plored. So the main objective of this paper was to extend the
work of Abd El-Aziz [20] in three directions: (i) to consider
MHD micropolar ﬂuid from a stretching sheet, (ii) to consider
mass transfer effect, (iii) to include porous media. The govern-
ing equations of the ﬂow are solved numerically, and the
effects of various ﬂow parameters on the ﬂow ﬁeld have been
discussed.
2. Mathematical model
Consider an unsteady two-dimensional, mixed convection
boundary layer ﬂow and heat transfer of a viscous, incom-
pressible, micropolar ﬂuid past a semi-inﬁnite permeable
stretching sheet embedded in a homogenous porous medium
coinciding with the plane y ¼ 0, then the ﬂow is occupied
above the sheet y> 0. A schematic representation of the
physical model and coordinates system is depicted in Fig. 1
[20]. The continuous sheet moves in its own plane with a
velocity Uw ¼ ax1at, and has temperature distribution
Tw ¼ T1 þ bxð1atÞ2 which varies with the distance x from the slotVelocity 
Boundary layer 
Thermal 
Boundary layer 
Concentraon 
Boundary layer 
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Figure 1 Flow geometry.and time coordinate t. An external variable magnetic ﬁeld B0 is
applied along the positive y-direction. Magnetic ﬁeld is sufﬁ-
ciently weak to ignore magnetic induction effects i.e. magnetic
Reynolds number is small. The physical properties of the ﬂuid
are assumed to be uniform, isotropic, and constant. The gov-
erning equations of the ﬂow in two dimensions are as follows:
Equation of continuity:
@u
@x
þ @v
@y
¼ 0 ð1Þ
Equation of momentum:
@u
@t
þ u @u
@x
þ v @u
@y
¼ lþ j
q
 
@2u
@y2
þ j
q
 
@N
@y
þ gb T T1ð Þ þ gb0 C C1ð Þ
 rB
2
0
q
U tU
qKp
ð2Þ
Equation of angular momentum:
qj
@N
@t
þ u @N
@x
þ v @N
@y
 
¼ c @
2N
@y2
 j 2Nþ @u
@y
 
ð3Þ
Equation of energy:
@T
@t
þ u @T
@x
þ v @T
@y
¼ a0 @
2T
@y2
þ lþ j
qcp
 
@u
@y
 2
ð4Þ
Equation of concentration:
@C
@t
þ u @C
@x
þ v @C
@y
¼ D0 @
2C
@y2
ð5Þ
The associated boundary conditions are
u ¼ Uwðx; tÞ; v ¼ 0; N ¼ 0; T ¼ Twðx; tÞ at y ¼ 0;
u! 0; N! 0; T! T1 as y!1
ð6Þ
Transformation variables are as follows:
g ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
a
tð1 atÞ
r
y; w ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ta
ð1 atÞ
r
xfðgÞ ð7Þ
N ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
a3
tð1 atÞ3
s
xhðgÞ; T ¼ T1 þ bxð1 atÞ2 hðgÞ ð8Þ
C ¼ C1 þ cxð1 atÞ2 /ðgÞ ð9Þ
The physical stream function wðx; y; tÞ which automatically
assures mass conservation is given in Eq. (1). The velocity
components are readily obtained as
u ¼ @w
@y
¼ Uwf0ðgÞ; v ¼  @w
@x
¼ 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ta
ð1 atÞ
r
fðgÞ ð10Þ
The mathematical problem deﬁned in Eqs. (2)–(5) transforms
into the following set of ordinary differential equations and
their associated boundary conditions:
1þ Dð Þf000 þ ff0  f0ð Þ2  A
2
2f0 þ gf00ð Þ þ Dh0 þ Grhþ Gc/
mf0 ¼ 0 ð11Þ
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00 þ fh0  f0h A
2
3hþ gh0ð Þ  DB 2hþ f00ð Þ ¼ 0 ð12Þ
1
Pr
h00 þ fh0  f0h A
2
4hþ gh0ð Þ þ Ec 1þ Dð Þ f00ð Þ2 ¼ 0 ð13Þ
1
Sc
/00 þ f/0  f0/ A
2
4/þ g/0ð Þ ¼ 0 ð14Þ
fð0Þ ¼ 0; f0ð0Þ ¼ 1; hð0Þ ¼ 0; hð0Þ ¼ 1; /ð0Þ ¼ 1 ð15Þ
f0ð1Þ ¼ 0; hð1Þ ¼ 0; hð1Þ ¼ 0; /ð1Þ ¼ 0; ð16Þ
A ¼ a
a
;D ¼ jl ;m ¼Mþ 1Kp ;Gr ¼
gbb
a2
¼ Grx=Re2x;
Grx ¼ gbðTw  T1Þx3=t2;Rex ¼ Uwx=t; a0 ¼ kqCp ;
Gc ¼ gb0ca2 ¼ GcxRe2x ;Gcx ¼ gb
0ðCw  C1Þx3=t2; k0 ¼ clj ;
B ¼ tð1atÞ
ja
¼ tx
jUw
;Pr ¼ ta ;Ec ¼ U
2
w
cpðTwT1Þ ;
M ¼ rB20ð1atÞqa ; 1Kp ¼
tð1atÞ
qKpa
9>>>>>>=
>>>>>>>;
prime indicates differentiation with respect to g.
The local skin friction coefﬁcient, couple stress coefﬁcient,
local rate of heat and mass transfer coefﬁcients are deﬁned
respectively, as follows:
Cfx ¼
sxjy¼0
qU2x
¼ 2ð1þ DÞR12exf00ð0Þ ð17Þ
Csx ¼ caUwtð1 atÞ h
0ð0Þ ð18Þ
Nux ¼ xðTx  T1Þ
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
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Figure 2 Velocity proﬁle with Gc ¼ 0.3. Numerical solution
The set of non-linear coupled differential Eqs. (11)–(14) sub-
ject to the boundary conditions (15) and (16) constitute a
two-point boundary value problem. In order to solve these
equations numerically we follow most efﬁcient numerical
shooting technique with fourth-order Runge–Kutta scheme.
In this method it is most important to choose the appropriate
ﬁnite values of g!1. To select g1, some initial guess values
are taken and solve the problem with some particular set of
parameters to obtain f00ð0Þ; h0ð0Þ and h0ð0Þ. The solution pro-
cess is repeated with another large value of g1 until two suc-
cessive values of f00ð0Þ; h0ð0Þ and h0ð0Þ differ only after
desired digit signifying the limit of the boundary along g.
The last value of g1 is chosen as appropriate value of limit
g!1 for that particular set of parameters. The resulting dif-
ferential equations can be integrated by fourth order Runge–
Kutta scheme. The above procedure is repeated until we get
the results up to the desired degree of accuracy 106. In future,
the present work can be extended by using temperature-depen-
dent thermal conductivity [35]. Further, Eqs. (11)–(14) with theboundary conditions (15) and (16) can be solved by using semi-
analytic method [36,37].
4. Results and discussion
In this paper, the effects of micropolar ﬂuid on unsteady MHD
free convection and mass transfer through a porous medium
have been investigated. Numerical computations for velocity,
microrotation, temperature and concentration are obtained
by using Runge–Kutta fourth order with shooting technique.
The results of the study are compared with the result of Abd
El-Aziz [20] for A ¼ 0 (steady case) and A– 0 (unsteady case)
with Gc. Also for a Newtonian ﬂuid (D ¼ 0), the result is com-
pared with the result of Grubka and Bobba [21]. The present
study is in good agreement with the previous study. It is note-
worthy that when Gr ¼ Gc ¼ Ec ¼ D ¼ 0 in the momentum
equation the present problem reduces to Ali and Magyari [18].
The discussion is made for various values of the pertinent
parameter such as Gr; Gc; Ec; D on the velocity proﬁle
(Figs. 2–6) and angular velocity proﬁles (Figs. 7–12) such as
Gr; Gc, the buoyancy parameter, Pr, Prandtl number, Ec,
Eckert number, D, micropolar parameter, A, unsteadiness
parameter and B ¼ 0:1 are taken throughout the discussion.
It is noticed that, buoyancy force acts in the direction of main
stream and ﬂuid accelerated in the manner of a favorable
pressure gradient for Gr > 0; Gc > 0 (assisting ﬂow). Also
buoyancy force retards the ﬂuid at the boundary layer for
Gr < 0; Gc < 0 (opposing ﬂow).
Figs. 2 and 3 present the effect of Gr on velocity proﬁle with
the absence of GcðGc ¼ 0Þ and presence of GcðGr ¼ 10Þ respec-
tively with the ﬁxed value of D ¼ 0:5; Pr ¼ 0:72; k0 ¼
0:3; Ec ¼ 0; B ¼ 0:1; M ¼ 0; Kp ¼ 100. From Fig. 2, it is
observed that the hydrodynamic ﬂuid in the absence of porous
matrix (Kp ¼ 100) and viscous dissipation (Ec ¼ 0) in case of
assisting ﬂow (Gr > 0) enhance the ﬂow near the boundary
layer for both steady (A ¼ 0) and unsteady (A ¼ 0:4) cases,
whereas reverse trend occurs in case of opposing ﬂow
(Gc < 0). The buoyancy force retards the velocity proﬁle.
Compared to these free forced convection (Gr ¼ 0), the result
is well agreed with that of Abd El-Aziz [20].
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Numerical investigation on heat and mass transfer effect 227From Fig. 3 it is noticed that for the higher value of mass
buoyancy (Gc ¼ 10) for both (Gr > 0;Gr < 0) there is a pick
in velocity proﬁle near the wall and for Gr ¼ 10, the axial
velocity decreases with increase in A.
Fig. 4 reveals the effect of magnetic parameter in both the
absence of porous matrix (Kp ¼ 100) and presence of porous
matrix (Kp ¼ 0:5) with ﬁxed values of parameters
D¼ 0:5; Pr ¼ 0:72; k0 ¼ 0:3; Ec ¼ 0:01; B¼ 0:1; Gr ¼ 1; Gc ¼ 1.
The most important consideration of the present study is the
saturated porous media. Porous media are widely used to insu-
late a heated body to maintain its temperature. These are con-
sidered to be useful in diminishing the natural free convection
which would otherwise occur inversely on the stretching sur-
face. It is observed that presence of magnetic ﬁeld (M ¼ 2; 5)
produces Lorentz force which resists the motion of the ﬂuid
in both the absence/presence of porous matrix. Further, it is
to note that when M ¼ 2; 5; Kp ¼ 100 maximum velocity
occurs near the boundary layer which gradually decreases with
increase in g within the ﬂow domain 0 < g < 6.
The effect of micropolar parameter, D, thermal and mass
buoyancy parameter (Gr;Gc) in the presence of viscous dissipa-
tion (C ¼ 0:01), on velocity proﬁle is exhibited in Fig. 5. It is
seen that velocity proﬁle is asymptotic in nature. It is signiﬁ-
cant within the layer 0 < g < 6. There is a sharp fall in velocity
within the layer g < 1. Also for Gr < 0 (opposing ﬂow) velocity
near the boundary layer becomes thinner and thinner (from
the curve V and VI). The result is in good agreement with
the result of Abd El-Aziz [20].
Fig. 6 shows the velocity proﬁle with the effect of Ec and Gc
taking the parameter D ¼ 1; Pr ¼ 0:72; k0 ¼ 0:3; B ¼ 0:1;
Gr ¼ 1; M ¼ 2; Kp ¼ 0:5 as ﬁxed. Viscous dissipation pro-
duces heat due to drag between the ﬂuid particles, which leads
to increase in ﬂuid temperature. It is observed that the interac-
tion of viscous heating and buoyancy force causes an increase
in ﬂuid velocity when 0:5 6 Gc 6 0:5 (both assisting and
opposing). The positive Eckert number (Ec > 0) and positive
Gc(Gc > 0, assisting ﬂow) give rise to maximum ﬂuid velocity
and negative Eckert number (Ec < 0) and negative Gc(Gc < 0,
opposing ﬂow) have a reverse effect. The result of previous
author Abd El-Aziz [20] is in good agreement with that of
228 B. Mohanty et al.present study for Ec ¼ 0 and Gc ¼ 0 with A ¼ 0:4. Velocity dis-
tribution is asymptotic in nature and suddenly falls near the
sheet within the ﬂow domain 0 < g < 1:8. It becomes uniform
when g!1.
The angular velocity proﬁle of the hydrodynamic ﬂow for
several values of thermal Grashof number GrðGr < 0;
Gr ¼ 0;Gr > 0Þ in both steady (A ¼ 0) and unsteady
(A ¼ 0:4) cases are plotted in Fig. 7 with some ﬁxed values
of pertinent parameters used in the model, such as D ¼
0:5; Pr ¼ 0:72; k0 ¼ 0:3; B ¼ 0:1; Ec ¼ 0; M ¼ 0; Kp ¼ 100.
The present result is in good agreement for both steadiness and
unsteadiness with the previous author Abd El-Aziz [20]. It is
noticed that for both A ¼ 0 and A ¼ 0:4 there is a pick in
angular velocity near the sheet (g < 1). Further, it is noticed
that an increase in Gr retards the angular velocity proﬁle and
ceases to be zero as g varies far from the sheet (g!1). It is
clear from Fig. 7 that in steady state (A ¼ 0), the angular
velocity increases for Gr > 0 (assisting ﬂow), whereas, there
is a slow fall in angular velocity as g!1 i.e. 18 < g < 6.0 1 2 3 4 5 6
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Figure 7 Angular velocity proﬁle with Gc ¼ 0.
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Figure 8 Angular velocity proﬁle with Gc.Fig. 8 presents the variation of A in both steady (A ¼ 0)
and unsteady (A ¼ 0:4) case in the presence of Gc with high
values of GrðGr ¼ 10Þ keeping the parameters D ¼ 0:5; Pr ¼
0:72; k0 ¼ 0:3; B ¼ 0:1; Ec ¼ 0; M ¼ 0; Kp ¼ 100 as ﬁxed.
It is seen that in steady state, when Gc < 0ðGc ¼ 0:5Þ a back
ﬂow is well marked (curve I) for g < 0:2 and after that angular
velocity (curve I) is suddenly increased for 0 < g < 1 and then
falls rapidly to maintain uniformity as g!1: Similar
behavior occurs in case of high value of Gc > 0ðGc ¼ 10).
It is also seen that in case of unsteadiness A ¼ 0:4 (with
Gc ¼ 0:5; Gc ¼ 10), the angular velocity decreases with
increase in g.
The variation of magnetic parameter in both the absence/
presence of porous matrix is well marked in Fig. 9. It is clear
from the graph, angular velocity increases with increase in
M. It is interesting to note that there is a point of inﬂexion
at g ¼ 1:2 and a rapid fall in angular velocity is well marked
in the ﬂow domain 1:2 < g < 6. Presence of magnetic ﬁeld pro-
duces a Lorentz force which usually resists the momentum ﬁeld0 1 2 3 4 5 6
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effect is observed as M increases. It is due to the elastic prop-
erty of the micropolar ﬂuid.
The variation of Gc in the presence/absence of Gr and D on
the angular velocity proﬁle is well marked from Fig. 10, and it
is remarked that in the absence of GcðGc ¼ 0Þ and D ¼ 0, the
result is in good agreement with the result of Abd El-Aziz
[20] (curves I and II). It is remarked from curves III and IV
that there is a decrease in angular velocity with increase in
Gc for both steady and unsteady cases.
Fig. 11 reveals the effect of Ec on angular velocity proﬁle. It
is noticed that Ec enhances the angular velocity whereas
reverse effect is noticed in case of the mass buoyancy parame-
ter Gc.
Fig. 12 depicts the variation of the buoyancy parameter in
both the absence/presence of Kp. The presence of porous
matrix is beneﬁcial to generate heat in the system whereas
absence of Kp is to oppose it. It is also remarked that the0 1 2 3 4 5 6
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Figure 13 Temperature proﬁle for various values of Pr, M, Kp
and A.
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230 B. Mohanty et al.thermal and mass buoyancy parameter enhance the thermal
boundary layer at all points.
The variation of Pr; M and Kp is well marked in Fig. 13
keeping the other parameters Sc; D; B; k0; Gc; Gr; Ec as
ﬁxed. In the steady state (A ¼ 0), absence of Lorentz force,
porous matrix enhances the boundary layer (curves I and II).
The result is in good agreement with the result of Abd0 1 2 3 4 5 6
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and Sc.
Table 1 Skin friction coefﬁcient, couple stress, rate of heat and ma
Gr Gc Pr Sc M Kp Ec
0.0 0.0 0.72 0.00 0 100 0.00
0.1 0.0 0.72 0.00 0 100 0.00
0.1 0.0 0.72 0.22 0 100 0.00
0.1 0.0 0.72 0.22 1 100 0.00
0.1 0.0 0.72 0.22 1 0.5 0.00
0.1 0.0 0.72 0.22 1 100 0.01
0.1 0.0 0.72 0.22 1 0.5 0.01
0.1 0.1 7.00 0.22 1 100 0.01
0.5 0.1 0.72 0.22 1 100 0.01
0.1 0.1 0.72 0.22 1 100 0.01
0.5 0.1 0.72 0.22 1 0.5 0.01
Table 2 Skin friction coefﬁcient, couple stress, rate of heat and ma
Gr Gc Pr Sc M Kp Ec
0.0 0.0 0.72 0.00 0 100 0.00
0.1 0.0 0.72 0.00 0 100 0.00
0.1 0.0 0.72 0.22 0 100 0.00
0.1 0.0 0.72 0.22 1 100 0.00
0.1 0.0 0.72 0.22 1 0.5 0.00
0.1 0.0 0.72 0.22 1 100 0.01
0.1 0.0 0.72 0.22 1 0.5 0.01
0.1 0.1 7.00 0.22 1 100 0.01
0.5 0.1 0.72 0.22 1 100 0.01
0.1 0.1 0.72 0.22 1 100 0.01
0.5 0.1 0.72 0.22 1 0.5 0.01El-Aziz [20]. Interaction of magnetic parameter produces
Lorentz force which accelerates the temperature proﬁle at all
points in the presence of porous matrix (curves I and III).
High Prandtl number causes low thermal diffusivity. As a
result, the temperature proﬁle becomes thinner and thinner
at thermal boundary layer where presence of porous matrix
enhances it. The similar observation is encountered in the pres-
ence of porous matrix.
Fig. 14 exhibits the effect of M and D on temperature
proﬁle keeping the parameter Pr; Ec; A; B; k0 ﬁxed. Both
presence/absence of Kp affect signiﬁcantly the thermal
boundary layer as M increases. It is assumed that the presence
of porous matrix (Kp ¼ 0:5) enhances the thermal boundary
layer whereas the absence of KpðKp ¼ 0Þ decelerates it. There
will be a small variation in temperature proﬁle as D increases.
The effect of Eckert number has no signiﬁcant effect on
temperature proﬁle in both the absence/presence of porous
matrix which is clearly reﬂected in Fig. 15 taking the ﬁxed
values of the parameters Pr; A; B; k0.
Fig. 16 illustrates the concentration proﬁle. The effect of
Schmidt number and magnetic parameter is shown with the
ﬁxed values of Pr ¼ 0:71; D¼ 0:5; A¼ 0:4; B¼ 0:1; k0 ¼ 0:3.
In both the absence/presence of Kp it is observed that
concentration boundary layer is lowered down as Sc increases
in the presence of magnetic ﬁeld and both the absence/presence
of Kp. Increase in magnetic parameter enhances the concentra-
tion distribution at all points. The proﬁle is asymptotic in
nature.ss transfer coefﬁcient with A ¼ 0:0; D ¼ 0:5; k0 ¼ 0:3; B ¼ 0:1.
s h0ð0Þ h0ð0Þ /0ð0Þ
0.8186178 0.0619197 0.8560463 0.1666667
0.7802563 0.0600337 0.8651445 0.1666667
0.7802563 0.0600337 0.8651445 0.4225224
1.1178125 0.0755773 0.7847779 0.3786616
1.597829 0.0928029 0.6839179 0.3339347
1.117757 0.0755729 0.779998 0.3786759
1.5977795 0.0927992 0.6765172 0.3339465
1.0930755 0.0741295 3.0204614 0.3836196
0.9398687 0.0666536 0.8292215 0.4049599
1.0679285 0.7241227 0.7985819 0.3889113
1.4465139 0.0854006 0.7257612 0.3558373
ss transfer coefﬁcient with A ¼ 0:4; D ¼ 0:5; k0 ¼ 0:3; B ¼ 0:1.
s h0ð0Þ h0ð0Þ /0ð0Þ
0.9281049 0.0524019 1.1259186 0.1666667
0.8964873 0.0511817 1.1297997 0.1666667
0.8964873 0.0511817 1.1297997 0.5846887
1.207273 0.0633876 1.0903837 0.5589641
1.6639832 0.0777144 1.0422961 0.5313147
1.2072344 0.0633852 1.0858018 0.5589694
1.6639471 0.0777124 1.035344 0.531319
1.1855281 0.0624408 3.7297431 0.5611786
1.0565654 0.0574921 1.105791 0.5713894
1.1655573 0.0614006 1.092518 0.5634518
1.5346593 0.0729635 1.0522201 0.5410338
Numerical investigation on heat and mass transfer effect 231The Numerical computations of local skin friction coefﬁ-
cient (f00ð0Þ), wall couple stress (h0ð0Þ), local heat transfer
coefﬁcient (h0ð0Þ) and the local mass transfer coefﬁcient
(/0ð0Þ) are obtained for both steady state solution (A ¼ 0)
and unsteady solution (A ¼ 0:4) and presented in tabular form
in Tables 1 and 2 respectively keeping the parameters
D ¼ 0:5; k0 ¼ 0:3; B ¼ 0:1 as ﬁxed. The computation is made
with the different numeric value of the pertinent parameters
involved in the ﬂow problem. The present study is compared
by withdrawing the parameters used in the study and it is in
good agreement with the result of Abd El-Aziz [20].
It is clear from Table 1 that, in steady state (A ¼ 0) the skin
friction, heat transfer and mass transfer coefﬁcient decrease in
the presence of porous matrix whereas the opposite effect is
remarked for couple stress coefﬁcient (h0ð0Þ). It is due to the
interaction of porous matrix in the two dimensional micropo-
lar ﬂuid ﬂow. It is widely used to insulate a heated body to
maintain its temperature. Further, these are considered to be
useful in diminishing the natural free convection which would
otherwise occur inversely on the stretching surface. It is inter-
esting to note that there will be no signiﬁcant effect encoun-
tered for the Eckert number in f00ð0Þ; h0ð0Þ and /0ð0Þ but
the heat transfer coefﬁcient decreases. In the absence of
unsteadiness parameter the contribution of magnetic number
is noticeable. The couple stress coefﬁcient increases as the mag-
netic parameter increases, but the reverse effect is observed for
skin friction, heat transfer and mass transfer coefﬁcient in the
absence of porous matrix. The inﬂuence of Schmidt number on
the mass transfer coefﬁcient is noticeable for larger value. On
the other hand, the thermal buoyancy has no signiﬁcant effect
on both couple stress and mass transfer coefﬁcient but it is
remarked that the skin friction coefﬁcient and heat transfer
coefﬁcient decrease respectively as Gr increases. The mass
buoyancy has no signiﬁcant effect on couple stress but skin
friction, heat and mass transfer coefﬁcients increase as Gc
increases. The similar observation is made for the increasing
value of the unsteadiness parameter.
5. Conclusions
From the above discussions we conclude the following:
 Buoyancy force retards the ﬂuid near the velocity boundary
layer in case of opposing ﬂow and is favorable for assisting
ﬂow.
 Absence of porous matrix and viscous dissipation in case of
assisting ﬂow enhances the ﬂow.
 Viscous dissipation produces heat due to drag between the
ﬂuid particles, which causes an increase in ﬂuid
temperature.
 Presence of magnetic ﬁeld produces a Lorentz force which
usually resists the momentum ﬁeld in both the presence/ab-
sence of porous matrix but the reverse effect is remarked in
case of angular momentum.
 Increase in Gr retards the angular velocity proﬁle and ceases
to be zero.
 Presence of porous matrix is beneﬁcial to generate heat in
the system whereas absence of Kp is to oppose it.
 High Prandtl number causes low thermal diffusivity.
 Thermal buoyancy has no signiﬁcant effect on both couple
stress and mass transfer coefﬁcient.References
[1] M.R. Mohammadi, S.S. Nourazar, On the insertion of a thin gas
layer in micro cylindrical Couette ﬂows involving power-law
liquids, Int. J. Heat Mass Transf. 75 (2014) 97–108.
[2] M.R. Mohammadi, S.S. Nourazar, A. Campo, Analytical
solution for two-phase ﬂow between two rotating cylinders
ﬁlled with power-law liquid and a micro layer of gas, J. Mech.
Sci. Technol. 28 (5) (2014) 1849–1854.
[3] L.J. Crane, Flow past a stretching plate, Z. Angrew. Math.
Phys. 21 (1970) 645–647.
[4] P.S. Gupta, A.S. Gupta, Heat and mass transfer on a stretching
sheet with suction or blowing, Can. J. Chem. Eng. 55 (1977)
744–746.
[5] C.K. Chen, M.I. Char, Heat transfer of a continuous stretching
surface with suction or blowing, J. Math. Anal. Appl. 135 (1988)
568–580.
[6] B.K. Datta, P. Roy, A.S. Gupta, Temperature ﬁeld in the ﬂow
over a stretching sheet with uniform heat ﬂux, Int. Commun.
Heat Mass Transf. 12 (1985) 9–94.
[7] A.C. Eringen, Theory of micropolar ﬂuids, J. Math. Mech. 6
(1960) 1–18.
[8] A.C. Eringen, Theory of the micropolar ﬂuids, Math. Anal.
Appl. J. 38 (1972) 481–496.
[9] T. Ariman, M.A. Turk, N.D. Sylvester, Microcontinuum ﬂuid
mechanics-a review, Int. J. Eng. Sci. 11 (1973) 905–930.
[10] J. Prathap Kumar, J.C. Umavathi, Ali J. Chamkha, I. Pop,
Fully developed free convective ﬂow of micropolar and viscous
ﬂuids in a vertical channel, Appl. Math. Model. 34 (2010) 1175–
1186.
[11] N.A. Kelson, A. Desseaux, Effect of surface condition on ﬂow
of micropolar ﬂuid driven by a porous stretching sheet, Int. J.
Eng. Sci. 39 (2001) 1881–1897.
[12] D. Srinivasacharya, J.V. Ramana murthy, D. Venugopalam,
Unsteady stokes ﬂow of micropolar ﬂuid between two parallel
porous plates, Int. J. Eng. Sci. 39 (2001) 1557–1563.
[13] R. Bhargava, L. Kumar, H.S. Takhar, Finite element solution of
mixed convection microploar ﬂuid driven by a porous stretching
sheet, Int. J. Eng. Sci. 41 (2003) 2161–2178.
[14] R.S.R. Gorla, S. Nakamura, Mixed convection from a rotating
cone to micropolar ﬂuids, Int. J. Heat Fluid Flow 16 (1975) 69–
73.
[15] H.S. Takhar, R.S. Agarwal, R. Bhargava, S. Jain, Mixed
convective non-steady three-dimensional micropolar ﬂuid at a
stagnation point, Heat Mass Transf. 33 (1998) 443–448.
[16] F.S. Ibrahim, A.M. Elaiw, A.A. Bakr, Inﬂuence of viscous
dissipation and radiation on unsteady MHD mixed convection
ﬂow of micropolar ﬂuids, Appl. Math. Inf. Sci. 2 (2008) 143–
162.
[17] A. Damseh Rebhi, M.Q. Al-Odat, J. Chamkha Ali, A. Shannak
Benbella, Combined effect of heat generation or absorption and
ﬁrst-order chemical reaction on micropolar ﬂuid ﬂows over a
uniformly stretched permeable surface, Int. J. Therm. Sci. 48
(2009) 1658–1663.
[18] M.E. Ali, E. Magyari, Unsteady ﬂuid and heat ﬂow induced by a
submerged stretching surface while its steady motion is slowed
down gradually, Int. J. Heat Mass Transf. 50 (2007) 188–195.
[19] S. Mukhopadhyay, Effect of thermal radiation on unsteady
mixed convection ﬂow and heat transfer over a porous
stretching surface in porous medium, Int. J. Heat Mass
Transf. 52 (2009) 3261–3265.
[20] M. Abd El-Aziz, Mixed convection ﬂow of a micropolar ﬂuid
from an unsteady stretching surface with viscous dissipation, J.
Egypt. Math. Soc. 21 (2013) 385–394.
[21] L.J. Grubka, K.M. Bobba, Heat transfer characteristics of
continuous stretching surface with variable temperature, ASME
J. Heat Transf. 107 (1985) 248–250.
232 B. Mohanty et al.[22] S. Nadeem, R.UI. Haq, Z.H. Khan, Heat transfer analysis of
water-based nanoﬂuid over an exponentially stretching sheet,
Alexandria Eng. J. 53 (1) (2014) 219–224.
[23] K. Das, P.R. Durai, P.K. Kundoo, Nanoﬂuid ﬂow over an
unsteady stretching surface in presence of thermal radiation,
Alexandria Eng. J. 53 (3) (2014) 737–795.
[24] S. Mukhopadhyay, Analysis of boundary layer ﬂow over a
porous nonlinearly stretching sheet with partial slip at
boundary, Alexandria Eng. J. 52 (4) (2013) 563–569.
[25] S. Nadeem, R.UI. Haq, N.S. Akber, Z.H. Khan, MHD three-
dimensional Casson ﬂuid ﬂow past a porous linearly stretching
sheet, Alexandria Eng. J. 52 (4) (2013) 577–582.
[26] S. Mukhopadhyay, MHD boundary layer ﬂow and heat transfer
over an exponentially stretching sheet embedded in a thermally
stratiﬁed medium, Alexandria Eng. J. 52 (3) (2013) 259–265.
[27] M. Quassim, Heat and mass transfer in a Jeffrey ﬂuid over a
stretching sheet with heat source/sink, Alexandria Eng. J. 52 (4)
(2013) 571–575.
[28] N.A. Yacos, A. Ishak, I. Pop, Melting heat transfer in boundary
layer stagnation-point ﬂow towards a stretching/shrinking sheet
in a micropolar ﬂuid, Comput. Fluids 47 (1) (2011) 16–21.
[29] M.A. El-Aziz, Mixed convection ﬂow of a micropolar ﬂuid from
an unsteady stretching surface with viscous dissipation, J. Egypt.
Math. Soc. 21 (3) (2013) 385–394.
[30] R. Mahmood, S. Nadeem, N.S. Akber, Non-orthogonal
stagnation point ﬂow of a micropolar second grade ﬂuid
towards a stretching surface with heat transfer, J. Taiwan Inst.
Chem. Eng. 44 (4) (2013) 586–595.[31] H. Rosali, A. Ishak, I. Pop, Micropolar ﬂuid ﬂow towards a
stretching/shrinking sheet in a porous medium with suction, Int.
Commun. Heat Mass Transf. 39 (6) (2012) 826–829.
[32] D. Bhukta, G.C. Dash, S.R. Mishra, Heat and mass transfer on
MHD ﬂow of a viscoelastic ﬂuid through porous media over a
shrinking sheet, Int. Scholarly Res. Notices 14 (2014) 11. Article
ID 572162.
[33] M.A.A. Mahmood, S.E. Waheed, MHD ﬂow and heat transfer
of a micropolar ﬂuid over a stretching surface with heat
generation(absorption) and slip velocity, J. Egypt. Math. Soc.
20 (1) (2012) 20–27.
[34] M. Naseer, M.Y. Malik, S. Nadeem, A. Rehman, The boundary
layer ﬂow of hyperbolic tangent ﬂuid over a vertical
exponentially stretching cylinder, Alexandria Eng. J. 53 (3)
(2014) 747–750.
[35] Mohammad R. Hajmohammadi, S.S. Nourazar, Conjugate
forced convection heat transfer from a heated ﬂat plate of
ﬁnite thickness and temperature-dependent thermal
conductivity, Heat Transf. Eng. 35 (9) (2014) 863–874.
[36] Mohammad R. Hajmohammadi, S.S. Nourazar, A.H. Manash,
Semi-analytical treatments of conjugate heat transfer, J. Mech.
Eng. Sci. 227 (2013) 492–503.
[37] Mohammad R. Hajmohammadi, S.S. Nourazar, On the
solution of characteristic value problems arising in linear
stability analysis; Semi analytical approach, Appl. Math.
Comput. 239 (2014) 126–132.
